Introduction
Several excellent reviews already exist detailing the many roles of Tyro3, Axl and Mertk (TAM) receptor tyrosine kinases and their ligands growth arrest-specific protein 6 (Gas6) and ProteinS1 (ProS1) in the maintenance of homeostasis within the innate immune system (Lemke, 2013; Lu & Lemke, 2001; Rothlin, Carrera-Silva, Bosurgi, & Ghosh, 2015; Rothlin & Lemke, 2010; Seitz & Matsushima, 2010) . Identification of the TAM family in the vertebrate nervous system was first characterized in the 1990s by Lai and Lemke making the TAM family a relatively recent kinase family ripe for exploration (Lai & Lemke, 1991) . Defects in TAM signaling disrupt cellular processes that regulate homeostasis, phagocytosis, and inflammation and can result in autoimmune diseases (Gohlke et al., 2009; Rothlin et al., 2015; Scott et al., 2001) . Defects in TAM signaling have been reported in cancer, colitis, lupus, and multiple sclerosis (MS) as well as mouse models of these diseases (Gohlke et al., 2009; Rothlin et al., 2015; Scott et al., 2001) . In this review, we will focus our attention on the role of the TAMs in the peripheral and central nervous systems detailing the role of TAM signaling in stem cells, the retina, Schwann cells and oligodendrocytes, and their roles in myelination, inflammation, phagocytosis and cancers of neural cells. We will review the expression of TAMs in gliomas and review possible therapeutics being explored. As the focus of our laboratory is multiple sclerosis (MS) we will present an overview of MS, defining the lesions types, mouse models that share aspects of pathology with MS, and how the TAM signaling has been implicated in MS pathophysiology.
Tyro3, Axl and Mertk signaling pathways and their ligands

Tyro3, Axl and Mertk (TAM)
Tyro3, Axl and Mertk comprise a family of cell adhesion moleculerelated receptor tyrosine kinases, where one or more family members are often co-expressed on the same cell type (Graham, Dawson, Mullaney, Snodgrass, & Earp, 1994; Lai, Gore, & Lemke, 1994; Lai & Lemke, 1991; Lemke & Lu, 2003; O'Bryan et al., 1991) . The extracellular domain of the TAM family members contain two tandem immunoglobulin (Ig)-like repeats and two fibronectin type-III repeats previously observed in cell adhesion molecules or receptor tyrosine phosphatases, but not in receptor tyrosine kinases (Fig. 1) , (Graham et al., 1994; Lai et al., 1994; Lu & Lemke, 2001; O'Bryan et al., 1991; Prasad et al., 2006) .
The extracellular portion of the transmembrane domains of Axl and Mertk contain cleavage sites for ADAM10 (Axl only) and ADAM17 (Axl and Mertk) that can result in soluble forms of both receptors (O'Bryan, Fridell, Koski, Varnum, & Liu, 1995; Thorp et al., 2011) . The TAMs have a single hydrophobic transmembrane domain, and the intracellular region contains a highly conserved consensus sequence KW(I/L)A(I/L)ES within the tyrosine kinase catalytic domain. These structurally conserved regions and the conserved sequence places these three homologous type I receptor tyrosine kinases in its own family. The TAM kinase domain shares closest homology with the kinase domain of PDGFR (Robinson, Wu, & Lin, 2000) . Upon activation by their ligand or selfactivation, autophosphorylation of tyrosine residues adjacent to consensus sequences in the cytosolic domain recruit several signaling molecules including Grb2 (pYXN), the regulatory subunit of phosphoinositide 3 kinase (pYXXM; PI3 kinase) (Weinger et al., 2008) and Ras (Fridell et al., 1996) . The downstream signaling can result in enhanced cell migration/proliferation, cell survival, dampened inflammatory responses, and cellular debris clearance due to enhanced phagocytosis. The signaling pathway responsible for cell survival is largely through the PI3K-Akt pathway. Upon ligand activation and phosphorylation, the p85 subunit of PI3K binds to receptor phosphotyrosine residues that then lead to activation of the Akt survival pathway (Binder & Kilpatrick, 2009; Weinger et al., 2008) . The same pathway can be alternatively engaged by Grb2 binding and recruitment of PI3K and activate Akt1 to promote cell survival (Weinger et al., 2008) . In vitro studies showed that Gas6/Axl mediated survival signaling requires NFκB (Demarchi, Verardo, Varnum, Brancolini, & Schneider, 2001; Hasanbasic, Cuerquis, Varnum, & Blostein, 2004) . The Y867 residue within the cytoplasmic domain of Mertk was shown to mediate the binding of Grb2, which recruited the p85 of PI 3-kinase. When the Y867 site of Mertk was mutated and transfected into cells activation of PI3 kinase and NFκB were significantly reduced (Georgescu, Kirsch, Shishido, Zong, & Hanafusa, 1999; Tibrewal et al., 2008) . Fig. 2 depicts several of the signaling pathways attributed to TAM signaling. Axl activation by Gas6/ProS1 recruits Grb2 and SOS resulting in activation of ERK, cell migration and proliferation; left (Allen et al., 1999) . Activation of Axl and Mertk results in the recruitment of PI3K via its regulatory subunit activates the AKT cell survival pathway (Weinger et al., 2008) . In dendritic cells physical interaction with the R1 subunit of the type I interferon (IFN) receptor and Axl results in the expression of suppressor of cytokine signaling regulators SOCS1 and SOCS3 that reduce expression of proinflammatory molecules (Rothlin, Ghosh, Zuniga, Oldstone, & Lemke, 2007) . Further, we found that SOCS1/SOCS3 and the cytokines they regulate are differentially expressed in the CNS (Ray et al., 2017) . TAM receptors have been shown to heterodimerize both in cis and trans, and Axl interacts with Tyro3 and Mertk (Seitz, Camenisch, Lemke, Earp, & Matsushima, 2007) . In addition to interacting with the IFN receptor (Rothlin et al., 2007) , Axl interacts with the epidermal growth factor receptor (EGFR; (Meyer, Miller, Gertler, & Lauffenburger, 2013; Vouri et al., 2016) ).
TAM and ligand tissue distribution and expression in the nervous system
TAM receptors are expressed in a variety of cell types and tissues. For a detailed review of TAM expression see (Lemke, 2013; Rothlin et al., 2015) . Several studies have demonstrated the presence of the TAMs and their ligands in the vertebrate nervous system, and while we will note their expression in other cell types, our focus is on the nervous system (Lai & Lemke, 1991; Prieto, O'Dell, Varnum, & Lai, 2007; Prieto, Weber, & Lai, 2000; Wang et al., 2011; Zhang et al., 2014 Zhang et al., , 2016 .
Axl, Tyro3, Mertk and Pros1 mRNA expression were detected in developing mouse cortex at E15.5 (Wang et al., 2011) . In situ hybridization studies of rat CNS tissue demonstrated the presence of TAM kinases in the nervous system, and noted that Axl and Tyro3 are expressed in the white matter during myelination. Tyro3 expression is very low in rat embryos, but its expression increases during early postnatal stages and parallels synaptogenesis. Tyro3 expression has been detected in granule neurons and Bergman glia (Prieto et al., 2000) . Tyro3 is highly expressed in the adult nervous system (Prieto et al., 2000) .
Axl is expressed in cells of the brain, heart, skeletal muscle, kidney, testis, liver, platelets, endothelial cells, monocytes/macrophages, and microglia . Axl is expressed early in nervous system development, and although its expression decreases in the adult animal, it is expressed in the adult CNS with high expression in the cerebellum and hippocampus (Prieto et al., 2000) . Axl expression is high in migrating gonadotrophin-releasing hormone (GnRH) neurons (Allen et al., 1999; Fang, Xiong, James, Gordon, & Wierman, 1998) . Axl and Tyro3 are mainly in low-expressing GnRH expressing migratory neurons, and Mertk is upregulated in high GnRH expressing neurons shown to be post-migratory (Pierce et al., 2008) . Axl and Mertk are expressed by microglia and play a role in eliminating apoptotic newborn neurons in the subventricular zone (Fourgeaud et al., 2016) . Axl expression can be dynamic and upregulated with inflammation (Zagorska et al., 2014; Gruber et al., 2014) Mertk is expressed in astrocytes, microglia, testis, lung, retina, skeletal muscle, kidney, prostate, heart, brain, dendritic cells, monocytes/ macrophages, NK and natural killer T cells, and . Similar to Axl, Mertk is expressed at low but constant levels throughout development. Depending upon the cell type, the receptors can form homophilic interactions or be activated by the ligand (Bellosta, Zhang, Goff, & Basilico, 1997; Chan, Mather, McCray, & Lee, 2000; Crosier & Crosier, 1997; Goruppi, Ruaro, Varnum, & Schneider, 1999) .
A comparison of human and mouse transcriptomes identified the expression levels of Tyro3, Axl Mertk and their ligands. The laboratory of the late Ben Barres performed transcriptome studies with human progenitor and mature human astrocytes and compared them with mouse, as well as RNA-seq data from murine cerebral cortex Zhang, Chen, et al., 2014) . Both murine and human cortex express high levels of Tyro3 on newly formed and myelinating oligodendrocytes, astrocytes, neurons and endothelial cells. In mouse cortex, Axl was expressed at highest levels in mature astrocytes, OPCs, microglia, endothelial cells and neurons. In human cortex, Axl mRNA was highest in mature astrocytes, microglia, oligodendrocytes, endothelial cells and neurons. Mertk expression was highest in microglia and mature astrocytes in both human and murine cortex, but was also detected in OPCs and oligodendrocytes. In murine cortex, Gas6 expression was detected at highest levels in microglia followed by neurons, OPCs, endothelial cells, newly formed oligodendrocytes, astrocytes and myelinating oligodendrocytes. In humans, Gas6 was highly expressed in microglia, endothelial cells, fetal and mature astrocytes, neurons and oligodendrocytes. In murine cortex, ProS1 was expressed in endothelial cells and microglia, OPCs and astrocytes. ProS1 was also expressed at high levels in human neurons.
3. TAM ligands and a requirement for Vitamin K 3.1. Vitamin K is essential for TAM ligand activation and for additional functions in the nervous system Vitamin K is an essential fat-soluble vitamin for nervous system function. Vitamin K exists naturally in two biologically active forms, vitamin K1 (phylloquinone) and vitamin K2 (menaquinone). Phylloquinones and menaquinones are not toxic in animal studies but it is not recommended to use menadione (vitamin K3) therapeutically (Marcus & Coulston, 2001 ). Vitamin K is expressed at high concentrations in brain cell membranes where it participates in the synthesis of sphingolipids, an important class of lipids essential for myelination (Ferland, 2012) . Vitamin K is essential for the activation of the TAM kinase ligands ProS1 and Gas6, which are the major vitamin-K dependent proteins in the nervous system (Tsou et al., 2014) . , an intracellular cytoplasmic domain containing a consensus kinase domain (yellow) and sites of tyrosine autophosphorylation (purple). The consensus sites for recruitment of signaling molecules including p85 subunit of PI3 kinase (pYXXM), Grb2 pYXN, and reported phosphatases are also shown. The structure of Gas6 and ProS1 is designated in blue. The ligands contain an amino terminal Gla domain that is γ-carboxylated in the presence of Vitamin K, four EGF-like repeats, and a carboxy-terminal sex hormone-binding globulin-like (SHBG-like) module that can bind and activate the TAM receptors.
Growth arrest specific protein 6 (Gas6)
As noted, Gas6 is a vitamin K-dependent growth factor that is abundantly expressed in the nervous system. Gas6 contains an N-terminal Gla domain that is γ-carboxylated in a vitamin-K-dependent manner. The gamma-carboxylation allows binding to phosphatidylserine (PtdSer) (Huang et al., 2003) . This posttranslational modification is essential for its activity (Hasanbasic, Rajotte, & Blostein, 2005; Nagata et al., 1996; Lew et al., 2014; Tsou et al., 2014; Geng et al., 2017) . Gas6 also contains four epidermal growth factor (EGF)-like domains and two laminin-G domains (Fig. 1) . Binding of Gas6 to the two immunoglobulin domains of Axl receptor is through the laminin-G domain binding and occurs as a heterodimeric ligand:receptor complex.
Gas6 was cloned following its up-regulation in confluent cell lines where it protected cells from death after complete serum withdrawal, in the absence of significant DNA synthesis (Bellosta et al., 1997; Goruppi et al., 1999; Schneider, King, & Philipson, 1988; Stitt et al., 1995; Varnum et al., 1995) . Gas6 is widely expressed in the CNS where it has important physiologically relevant functions (Allen et al., 1999; Avanzi et al., 1998; Crosier & Crosier, 1997; Fourgeaud et al., 2016; Healy et al., 2016; Prieto et al., 2000) .
Gas6 is expressed in and secreted by neurons including Purkinje cells in the cerebellum (Allen et al., 1999; Prieto et al., 2000) . In the spinal cord, Gas6 is expressed by motor neurons and large neurons of the dorsal root ganglia; neural injury upregulates TAMs in Schwann cell (Li et al., 1996; O'Guin et al., 2014) . Gas6 is concentrated along the plasma membrane of resting endothelial cells where its proposed physiologic function is to serve an anti-inflammatory role (Avanzi et al., 1998) .
ProteinS1 (ProS1)
Evolutionarily, Gas6 and ProS1 are paralogs. The duplication event that generated them may have occurred early in metazoan evolution, perhaps 600 Myr ago (Studer, Opperdoes, Nicolaes, Mulder, & Mulder, 2014) . Analogous to Gas6, ProS1 is also a secreted soluble, vitamin Kdependent protein that is γ-carboxylated within the N-terminal Gla domain. The Gla domain confers the ability of ProS1 to bind phosphatidylserine on the surface of apoptotic cells (Hasanbasic et al., 2005; Nakano et al., 1997) , and the C-terminal sex hormone-binding globulin-like module can bind and activate Tyro3 and Mertk (Nagata et al., 1996; Nyberg, He, Hardig, Dahlback, & Garcia de Frutos, 1997) . ProS1 phosphorylates Tyro3 and Mertk, but not Axl (Prasad et al., 2006; Stitt et al., 1995) . ProS1 also contains the four EGF-like domains and the two laminin-G domains similar to Gas6 (Stitt et al., 1995; Suleiman, Negrier, & Boukerche, 2013) . ProS1 is a key plasma protein which plays a critical role in anti-coagulation and phagocytosis of apoptotic cells (Anderson et al., 2003; Benzakour & Kanthou, 2000; Marlar & Neumann, 1990) . In serum ProS1 is a co-factor that can block factor Va, VIIIa, and Xa activity regulating blood clotting, a function independent of TAM signaling. Gas6 does not play a direct role in clotting (Foley & Conway, 2013) , and the TAMs are not involved in the anticoagulate function of ProS1. ProS1 null mice are embryonic lethal as a result of coagulopathy and vascular dysgenesis (Burstyn-Cohen, Heeb, & Lemke, 2009) . Mutations in the ProS1 gene result in thrombolytic events and an increased risk of death (Cho et al., 2012; Heeb, Gandrille, Fernandez, Griffin, & Fedullo, 2008) . ProS1 is also expressed by activated T cells (Lemke & Rothlin, 2008; . In a colitis model, T cells secrete ProS1 which can reduce inflammation by binding to TAM receptors on macrophages in the periphery (Carrera Silva et al., 2013) . In mice, ProS1 shows protective effects in neurons against stroke (Liu, Guo, Griffin, Fernandez, & Zlokovic, 2003) .
The affinity of Gas6 for the TAM receptors
Gas6 as a ligand for the TAM receptors was identified in 1995 . The relative affinity of Gas6 for Tyro3, Axl and Mertk receptors is Axl N Tyro3 N Mertk. Gas6 is the sole ligand for Axl. The receptor binding site of Gas6 maps to the first two receptor Ig-domains of Axl. The major Gas6 binding site is found only on the Axl receptor while the minor binding site is conserved by Tyro3 and Mertk (Sasaki et al., 2006) . Receptor monomers on the surface of opposing cells can dimerize through homophilic interactions with a large cluster of molecules generating a cooperative effect sufficient for stable adhesion (Heiring, Dahlback, & Muller, 2004) .
While Gas6 and ProS1 can activate TAMs as soluble factors, it can also opsonize phosphatidylserine (PS) on apoptotic cells and serve as bridging molecules between apoptotic cells and TAMs (Tsou et al., 2014) . As part of a study to characterize the TAM ligands, reporter cell lines expressing chimeric TAM receptors were generated. Based on the screening system it was determined that each TAM has a unique pattern of interaction with and activation by GAS6 and PROS1. Each interaction was differentially affected by the presence of apoptotic cells, phosphatidylserine containing lipid vesicles, and enveloped virus, and that γ-carboxylation of both Gas6 and ProS1 are required for the full activation of TAM. Further, soluble extracellular Ig-like TAM domains sequesters the ligand and act as ligand antagonists (Tsou et al., 2014) .
A role for Gas6 in human oligodendrocyte survival, maturation and myelination
As a result of the expression of secretion of Gas6 by neurons, and reports of Gas6 as a neurotrophic growth factor (Funakoshi, Yonemasu, Nakano, Matumoto, & Nakamura, 2002) , our laboratory examined whether Gas6/Axl interactions may enhance adhesion between axons and oligodendrocytes during myelination where high levels of both ligand and receptor are observed (Shankar et al., 2003; Shankar et al., 2006) . RT-PCR studies show that Tyro3, Axl and Mertk are expressed in human oligodendrocytes, and all three receptors are expressed in human fetal brain and spinal cord (Shankar et al., 2003) .
Investigators who study primate oligodendrocyte maturation and myelination know that unlike rodents, human oligodendrocytes require axonal contacts for initiation of myelin synthesis. While rat oligodendrocytes in culture are stable and will express myelin basic protein (MBP), a major myelin protein necessary for myelination in the CNS, human and primate oligodendrocytes in culture undergo spontaneous apoptosis~5-7 days after plating indicating that the signaling pathways and molecular events required for human oligodendrocyte survival and maturation have not been elucidated fully. Using O4, the sulfatide antibody specific for oligodendrocyte progenitor cells (OPCs), we immunopanned O4+ oligodendrocytes from human fetal spinal cord, and screened cDNA microarray libraries to identify novel receptors that may be involved in OPC preservation and enhance myelination. This led to the identification of high levels of Axl and Mertk expression on human O4+ OPCs (Shankar et al., 2003) .
An earlier study identified Gas6 as a growth factor for human Schwann cells in the peripheral nervous system (Li et al., 1996) . As a result of that study, human OPCs were plated in the presence of recombinant human (rh) rhGas6. The study found that Gas6 serves as a survival factor, not a mitogenic factor, for human fetal oligodendrocytes, and that enriched oligodendrocyte primary cell cultures generated from human fetal spinal cord were viable with fewer apoptotic OPCs 6 days after the administration of rhGas6. The study found that in the presence of rhGas6, there was a twofold increase in mature oligodendrocyte proteins relative to cells grown in the absence of Gas6. The effect was abolished in the presence of an Axl-Fc decoy, but not in the presence of the receptor fusion molecule TrkA-Fc. Additional studies determined that PI3-kinase inhibitors were able to block the anti-apoptotic effect of rhGas6, while MEK/ERK inhibitors had no effect (Shankar et al., 2003) .
Based on the observation that rhGas6 sustained human fetal oligodendrocyte viability by Gas6 activation of TAM receptors and downstream signaling via the PI3-kinase/Akt pathway (Weinger et al., 2008) , additional studies determined that this signaling protected against TNFα-mediated cytotoxicity in human oligodendrocytes, and in oligodendrocytes prepared from WT and Tyro3 −/− mice, but not Axl −/− mice (Shankar et al., 2006) . These studies led us to examine whether Gas6 would enhance myelination in human co-cultures established from human fetal dorsal root ganglia (DRGs) and brainderived OPCs. DRG neurons course both in the peripheral and central nervous system, and both rat Schwann cell and oligodendrocyte/DRG co-cultures myelinate axons (Kleitman, Wood, & Bunge, 1991) . The addition of rhGas6 enhanced survival, maturation and myelination in human DRG and OPC co-cultures (O'Guin et al., 2014) . The addition of rhGas6 to co-cultures significantly increased the number of myelin basic protein-positive (MBP+) oligodendrocytes with membranous processes parallel to and ensheathing axons after 14 days compared to co-cultures maintained in defined medium. The addition of rhGas6 did not increase the total number of MBP+ oligodendrocytes/culture, suggesting that rhGas6 is not mitogenic in this context. RhGas6 also significantly increased the length of MBP+ oligodendrocyte processes in contact with and wrapping axons. Similar to its role in the CNS, multiple oligodendrocytes were in contact with a single axon and several processes from one oligodendrocyte ensheathed multiple axons (O'Guin et al, 2014) . We determined by 3D-analysis that oligodendrocyte membranes completely encircled the axons. Forskolin activates adenylate cyclase and increases the concentration of intracellular cAMP. As a second messenger cAMP activates cAMP-dependent protein kinase A which can control transcription, protein phosphorylation, and ion transport (Montminy, 1997) . Forskolin increased Gas6 expression in Sertoli cells (Chan et al., 2000) . We examined whether forskolin alone and in combination with rhGas6 would be beneficial when added to the human co-cultures. When added to the defined medium, forskolin (5 μM) enhanced the number of MBP+ oligodendrocytes with membranous processes parallel to the axon. The addition of rhGas6 plus forskolin further enhanced human oligodendrocyte process ensheathment and wrapping of axons; Mann-Whitney p = 0.015 (Fig. 3) . Thus, forskolin enhances process outgrowth in human DRG/oligodendrocyte co-culture, and in combination with Gas6 enhances MBP + OL ensheathment of axons (O'Guin et al., 2014) .
Electron microscopy supported confocal Z-series microscopy demonstrating axonal ensheathment by MBP+ oligodendrocyte membranous processes in Gas6-treated co-cultures; however, compact myelin in the treated cultures was not observed (O'Guin et al., 2014) . This suggests that additional factors are required for compact myelin formation, but that rhGas6 is important for events in myelination in humans and aspects of non-compact myelin formation.
Purified rat OPC cultures, and rat DRG/OPC co-cultures supported the role of Gas6 in myelination, and showed that Gas6 −/− mice have a delay in remyelination following cuprizone-induced demyelination . Discussion of studies in mouse models is detailed in below. With regard to the ligands, ProS1 is expressed by adult neurostem cells, and was shown to be a negative regulator of neural stem and progenitor cell self-renewal by negatively regulating Bim-1 signaling in both adult and embryonic neural stem cells. Deletion of ProS1 in neural stem cells increases cell proliferation (Burstyn-Cohen, 2017; Zelentsova et al., 2017; Zelentsova-Levytskyi et al., 2017).
Multiple sclerosis: a role for the TAMs and their ligands
Multiple sclerosis (MS): definition, symptoms and clinical course
MS is a debilitating immune-mediated neurological disease affecting young adults between 20 and 40 years of age (Lassmann, 2011; Lassmann, Bruck, & Lucchinetti, 2007; Noseworthy, Lucchinetti, Rodriguez, & Weinshenker, 2000; Sospedra & Martin, 2005) . The most recent estimates of MS prevalence show more than 400,000 individuals in the U.S. and over 2.3 million people worldwide are affected (Browne et al., 2014; Dilokthornsakul et al., 2016) . The ratio of females to males is 3.4:1. The precise target of peripheral immune cells is unclear. However, a major focus of research is on the influx of inflammatory lymphocytes and monocytes that enter the CNS and attack the myelin sheath, exposing the resident cells of the CNS to insult. The damage resulting from the ongoing inflammation include activated resident glia, including astrocytes and microglia, that produce both proinflammatory and anti-inflammatory molecules, destruction of the myelin sheath, loss of oligodendrocytes, and damage to the axonal nerve fibers. Current diagnostics include magnetic resonance imaging (MRI) screening, the presence of oligoclonal bands in cerebrospinal fluid (CSF), the use of evoked potential tests to measure nerve response, and biomarkers; however, there is no definitive diagnostic test for MS (Lim et al., 2017; Paty, Noseworthy, & Eber, 1988; Teunissen, Malekzadeh, Leurs, Bridel, & Killestein, 2015) .
Symptoms of MS
Individuals with MS have different symptoms and presentations, and in fact, no two patients present in an identical manner. Among the most common symptoms, and frequently the earliest symptoms include optic neuritis, sensory abnormalities such as numbness and paresthesia in a limb, motor weakness in an extremity, and fatigue. Other symptoms include bladder, bowel and sexual dysfunction, spasticity usually in flexor spasms, sleep disorders, depression and cognitive impairment, reviewed in (El-Moslimany & Lublin, 2008).
Clinical course of MS
The clinical course of MS is heterogeneous and includes inflammation, the expression of proinflammatory cytokines and chemokines, gliosis, demyelination, axonal damage and neuronal loss in brain and spinal cord (Compston & Coles, 2008; El-Moslimany & Lublin, 2008; Lassmann et al., 2007) . The different presentations of clinical symptoms fall into broad classifications and are referred to as clinical isolated syndrome (CIS), relapsing-remitting MS (RRMS), primary progressive (PPMS), and secondary progressive (SPMS). Individuals classified as CIS experience their first relapse and have lesion(s) on an MRI with recovery. Until individuals experience another episode they remain classified as CIS. The majority of in dividuals with MS (85%) initially develop a relapsing-remitting disease course. The National Multiple Sclerosis Society (https://www.nationalmssociety.org) states that RRMS is the most common disease course. This classification refers to clearly defined disease relapses with increasing neurologic symptoms, brain/spinal cord lesions on MRIs, followed by full or partial recovery. During remission there is no disease progression. CNS deficits often accumulate following relapses and as the disease progresses there are cumulative deficits. For example, following an attack and demyelination, intact axons can be remyelinated by mature oligodendrocytes. However, after subsequence attacks of demyelination and remyelination, the myelin sheath surrounding axons become progressively thinner and never appear as robust as prior to the demyelinating event. The majority of individuals with RRMS advance to a secondary progressive clinical course. During SPMS individuals progress with or without relapses or remissions. Until recently, there were no effective treatments for PPMS; however, a 2017 study determined that the humanized monoclonal antibody orcrelizumab that depleted CD20-expressing B cells was associated with lower rates of clinical and MRI progression than placebo (El-Moslimany & Lublin, 2008; Montalban et al., 2017) . Approximately 15% of people with MS are diagnosed with PPMS. Individuals with PPMS have a worsening of neurologic function and an accumulation of disability from the onset of symptoms, without early relapses or remissions (https://www.nationalmssociety.org).
Morphology of the MS lesion
The chronic MS plaque
The most common type of MS lesion is the chronic plaque which is observed at autopsy in individuals who die after a prolonged course of disease (Lucchinetti, Bruck, Rodriguez, & Lassmann, 1996; Ludwin & Raine, 2008; Prineas, 1985; Raine, McFarland & Hohlfeld, 2008) . This well circumscribed lesion is found in both the brain and spinal cord, often periventricular in location. The chronic plaque varies in size and while mainly in white matter, it often extends into gray matter structures. Histologically, chronic plaques have a sharp demarcation between the normal myelinated tissue and the demyelinated plaque. Demyelination is observed in tissue sections by staining with luxol fast blue or by immunochemical stains against the major myelin proteins seen in the CNS, namely MBP and proteolipid protein (PLP). Oligodendrocyte loss is widespread although OPCs can be observed within the lesion (Wolswijk, 1997 (Wolswijk, , 1998 (Wolswijk, , 2000 (Wolswijk, , 2002 . A major characteristic of the chronic plaque is the extensive gliosis and meshwork of glial fibrillary acid protein (GFAP)+ astrocytic processes. Due to the extensive demyelination, naked or unmyelinated axons are surrounded by GFAP + astrocytes processes, hence the term gliotic or sclerotic plaque.
The active or acute MS plaque
The active plaque is characterized by myelin loss, dense infiltration of the complete lesion area with CD68-positive monocytes or microglia, and the lesion edge is less defined than the chronic plaque (Kuhlmann et al., 2017) . Axons tend to be devoid of myelin, and naked axons are visible by electron microscopy. Additionally, oligodendrocytes expressing early developmental markers as well as thinly remyelinated axonal fibers are observed. The lesion contains lymphocytic infiltrates including debris-filled macrophages, CD4+ and CD8+ T cells, MHC-II+ cells, as well as activated resident microglia and reactive astrocytes. Axonal damage is often observed in acute lesions identified by the expression of non-phosphorylated neurofilament protein and amyloid precursor protein, indicative of defects in axonal transport.
Expression of TAMs and their ligands in MS tissue
The first study to examine the expression of TAMs and their ligands in MS lesions was performed by analyzing protein homogenates isolated from chronic active and chronic silent lesions (Weinger, Omari, Marsden, Raine, & Shafit-Zagardo, 2009 ). TAM and Gas6 protein expression was compared to normal appearing tissue from the contralateral region of the brain from the same individual, as well as homogenates from other neurologic diseases by immunoblot analysis. Cell type expression was determined by immunohistochemistry. The study determined that levels of full-length, membrane-bound Mertk (205 kDa), soluble Mertk (~150 kDa), and soluble Axl (80 kDa) were all significantly elevated in homogenates from established MS lesions comprised of both chronic active and chronic silent lesions. Soluble Axl was significantly elevated in chronic silent lesion samples whereas in normal tissue homogenates there was minimal to undetectable expression. Full- length Mertk was significantly increased in protein homogenates isolated from chronic silent lesions and soluble Mertk was significantly elevated in protein homogenates from chronic active tissue.
In addition, increased levels of soluble Axl and Mertk were associated with increased levels of mature ADAM17, mature ADAM10, and Furin proteins that are associated with Axl and Mertk cleavage and solubilization. Despite the increase in soluble Axl and Mertk, full-length Axl and Mertk were not decreased in MS lesions. Full-length Mertk was increased in chronic silent lesions and elevated in chronic active lesions, suggesting either more full-length Axl and Mertk were being synthesized or more full-length Axl and Mertk were being introduced into the lesion via infiltrating or proliferating cells. If as it appears that full-length membrane-bound Axl and Mertk receptors are not depleted, but soluble forms of these receptors increase, it is plausible that any beneficial effects afforded by Gas6 ligation and activation of full-length Axl and Mertk was impeded by the soluble forms of Axl and Mertk acting as decoy receptors and sequestering Gas6. Protein homogenates from chronic active samples having the most soluble Axl and soluble Mertk had minimal to no Gas6 expression by immunoblot analysis. The combined data suggest that there is dysregulation of protective Gas6 receptor signaling in MS lesions. When brain sections from PPMS and SPMS patients and nonneurological controls were incubated with Axl, Mertk, and Tyro3 antibodies, low levels of both Axl and Mertk was detected in normal brain tissue. Axl expression was elevated on astrocytes and oligodendrocytes in chronic active lesions by double-label immunohistochemistry with Axl and PDGFRα, or GFAP and Axl antibodies. Mertk expression was elevated on astrocytes in chronic active lesions where astrocyte proliferation is known to occur and full-length Mertk is elevated. In chronic silent lesions, Axl was elevated on microglia verified by doublestaining for Axl and Iba1. Mertk expression was elevated on astrocytes and oligodendrocytes in chronic silent lesions. In all samples from other neurologic diseases (OND), there were no differences in Axl, Mertk, or Tyro3 immunoreactivity relative to normal control tissue. In addition, no differences in Tyro3 immunoreactivity was detected in brain sections containing chronic active or chronic silent lesions (Weinger et al., 2009) . These data suggest that Axl and Mertk are playing important signaling roles in multiple cells types within the CNS during episodes of inflammation and repair.
While the failure to effectively activate membrane-bound TAMs likely results in an inability to dampen the immune response, as well as initiate efficient clearance of cell debris necessary for protecting cells of the CNS from damage and for efficient remyelination, the abovementioned study explored the TAMs and Gas6 in static tissue. Yet, there are additional studies that report cleavage of TAM family members resulting in increased inflammation and delayed recovery (Cai et al., 2016 (Cai et al., , 2017 ).
An International Multiple Sclerosis Genetics Consortium has shown a SNP polymorphism in Mertk associated with MS susceptibility (Ma, Stankovich, Kilpatrick, Binder, & Field, 2011; Sawcer et al., 2011) . A refinement of the Mertk SNP study, demonstrated that one of the variants showed increased expression of MERTK in monocytes. Increased expression of MERTK was associated with either increased or decreased risk of developing MS, which was dependent upon the HLA-DRB1*15:01 status (Binder et al., 2016) . As noted previously, phagocytosis and clearance of apoptotic cells is mediated by Mertk, and a reduction in the expression Mertk in myeloid cells resulted in inefficient clearance of apoptotic cells in myeloid organs (Scott et al., 2001) . Mertk in myeloid cells was shown to function in regulating the clearance of myelin debris by phagocytosis (Healy et al., 2016) . Further, monocyte derived macrophages from controls and patients with RRMS and SPMS were assessed for the phagocytosis of myelin debris and both mRNA and protein expression of TAM family members. Individuals with MS were able to efficiently phagocytose red blood cells but demonstrated reduced capacity to phagocytose human myelin. Macrophages expressed lower levels of both Mertk and Gas6 suggesting a defect in phagocytosis by macrophages of individuals with MS. Treatment with TGFβ could restore phagocytosis and expression of the receptor and the ligand (Healy et al., 2017) . Thus, several independent reports point to Mertk as a defective signaling pathway in individuals with MS.
Total and free ProS1 in plasma from individuals with MS and controls from two independent cohorts correlated with the MS Severity Score. Only free ProS1 can activate Tyro3 and Mertk. When compared with controls, total ProS1, but not free ProS1, was decreased in individuals with MS. Interestingly, there was a decrease in both total and free ProS1 levels relative to control samples in female MS individuals. Individuals with very low levels of free ProS1 in plasma had higher MS severity scores and increased disease severity. The decrease in plasma concentration of soluble Mertk observed in females with MS did not correlate with ProS1 levels (Ma et al., 2015) . The function of free ProS1 is as an anti-coagulant and a co-factor for Protein C and tissue factor pathway inhibitor (TFPI) that inhibits FactorXa. ProS1 binds to C4b-binding protein (C4BP) regulates complement and the activity of ProS1. The C4BP beta chain short consensus repeat-2 contributes to the interaction of C4BP with ProS1 surfaces (van de Poel, Meijers, Dahlback, & Bouma, 1999; Trouw, Nilsson, Goncalves, Landberg, & Blom, 2005) . When bound, the ProS1-C4BP complex is limited as an anti-coagulant and in addition, cannot associate with Tyro3 or Mertk (Nyberg et al., 1997) . C4BP isoforms without the beta chain do not bind ProS1 (Garcia de Frutos, Alim, Hardig, Zoller, & Dahlback, 1994) . Humans have a ProS1-C4BP complex in plasma; however, mice, rabbits and cattle do not. Alpha-only C4BP molecules do not bind ProS1 and appear to function in dendritic cell maturation (Olivar et al., 2013) . With regard to the study by Ma et al (Ma et al., 2015) , the concentration of C4BP isoforms in the MS patients is not known. Perhaps, the group of patients with low free ProS1 and higher MSSS are a sub-group with inflammation-induced elevation in C4BP expression and decreased free ProS1.
The concentration of Gas6 in plasma and CSF in 65 individuals undergoing a spinal tap during a relapse of RRMS was compared to the levels of 40 individuals having non-inflammatory, nonautoimmune neurological diseases. The study found that the concentration of Gas6 in CSF was inversely correlated with the severity of relapse in RRMS patients; however, it did not predict the subsequent course of the disease (Sainaghi et al., 2013) .
A recent study examined the expression of microglia gene expression from material isolated from normal appearing white matter (NAWM), and compared the gene expression profile with microglia isolated from the center of active MS lesions containing high infiltrates of foamy macrophages. Gas6 was increased N5-fold in the lesion relative to the NAWM (Zrzavy et al., 2017) . Thus, when considering the combined studies, expression of AXL and MERTK, and ligands GAS6 and PROS1 are elevated in MS tissue, and strongly support a functional and physiologic role for signaling through this family of receptor tyrosine kinases, likely in reducing inflammation, debris clearance and restoring cellular homeostasis.
Therapeutic administration of rhGas6 as a potential treatment strategy for MS and other nervous system disease applications
It is clear from several human studies that both the ligands and the TAM receptors are altered in MS lesions and plasma, and that changes in free ProS1, Gas6, soluble forms of Axl and Mertk correlate with neurologic deficits and more severe disease pathology. In vitro human cocultures demonstrate a beneficial effect of Gas6 in myelination (O'Guin et al., 2014 ), yet a lack of total understanding of this important signaling pathway limits it use as a therapy. Gas6 is synthesized in the CNS where it secreted by neurons and endothelial cells, yet it has a very short half-life. Administration of Gas6 to the CNS via an Omari pump would be impractical in this age when oral therapies have begun to supersede injections as a means of standard MS treatment. Murine erythroblasts can released Gas6 in response to the hormone erythropoietin. In transgenic mice with insufficient Epo production and chronic anemia, Gas6 synergized with Epo to restore hematocrit levels. Yet, there is concern that Epo could result in bleeds in the CNS over time (Angelillo-Scherrer et al., 2008) . At this time, an understanding of how best to locally stimulate Gas6 expression to activate the appropriate TAM receptor is an important strategy for future treatments.
6. Mouse models sharing pathologic aspects of MS are used to study TAM kinases and their ligands in the CNS 6.1. Myelin oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyelitis (MOG-induced EAE) MOG-induced EAE is an in vivo chronic mouse model analyzing the interactions between cells of the CNS and cells of the immune system. MOG-induced EAE examines aspects of disease observed in MS; permitting researchers to analyze mice in which there is an influx of T cells and monocytes/macrophages into the CNS. With some phenotypes similar to MS, EAE is an inflammatory demyelinating disease that affects all cellular elements of the CNS, and in which neuronal/axonal damage and demyelination are consequences of immune-mediated inflammation. To generate the model, mice are sensitized with an emulsion of MOG 35-55 peptide and complete Freund's adjuvant, followed by an intraperitoneal injection of pertussis toxin (Ptx). Two days later the mice receive a second Ptx injection and mice develop signs of disease by day 10 post-MOG injection. The mice are scored on a 0-5 scale: 0 = no disease; 1 = flaccid tail; 2 = hindlimb weakness; 3 = hindlimb paralysis; 4 = hindlimb and front limb paralysis; 5 = moribund Pluchino et al., 2009 ).
PLP model of RR-EAE
Similar to MOG-induced EAE, the PLP model of RR-EAE is characterized clinically by the development of ascending flaccid hind limb paralysis. Each mouse is graded daily, and mice are scored on a 0 to 5 scale (Miller, Karpus, & Davidson, 2010) . The acute phase of disease begins with the first clinical sign of disease, in which mice show ascending paralysis following active disease induction of SJL mice via PLP 139-151 -induced disease. The remission phase is clinical improvement following a clinical episode, defined as a reduction in clinical score for at least 2 days after the peak score of the acute phase, or of a disease relapse. Relapse is defined as the phase of increasing clinical disease seen after remission or an increase of at least one grade in clinical score maintained for at least 2 days after remission has occurred. The majority of mice retain some neurological deficits and disease progression will occur over repeated relapse/remission phases.
Cuprizone model of demyelination/remyelination
The cuprizone model is used to study changes in myelination, inflammation and axonal integrity within the corpus callosum, focusing on changes that occur within the CNS, and not as a result of disruption of the blood-brain-barrier (Hiremath et al., 1998; Matsushima & Morell, 2001 ). There are no T cell infiltrates in the brain during cuprizone treatment although there are macrophages and neutrophil infiltrates. Inflammation is predominantly the result of microglial and astrocyte activation. Mice are fed a diet of cuprizone in powdered chow (0.2% w/w) for six weeks and then given standard chow and monitored over time through 3 weeks post-cuprizone withdrawal. Mice treated with cuprizone have no ill-effects from the treatment, with the exception of some initial body weight loss. Demyelination of the corpus callosum peaks at 4-5 weeks of cuprizone treatment and significant remyelination occurs within 3 weeks post-cuprizone withdrawal (Blakemore, 1973a (Blakemore, , 1973b Jurevics et al., 2002; Matsushima & Morell, 2001; Scurlock & Dawson, 1999) .
Cuprizone treatment induces demyelination of the corpus callosum by 4 weeks resulting in reactive gliosis, accumulation of microglia and macrophages (Hiremath et al., 1998) , TNFα expression (Arnett et al., 2001; Mason, Xuan, Dragatsis, Efstratiadis, & Goldman, 2003) , and mRNAs coding for many cytokine/chemokine genes, including MIP-1 gamma, monocyte chemoattractant protein-1 (MCP-1), MIP-1, CCR5, CIP3, SOCS3 (Jurevics et al., 2002) . Apoptotic death of mature oligodendrocytes during cuprizone intoxication is significantly delayed in TNF-α knock-out mice indicating a role for TNFα in this process (Arnett et al., 2001 ).
Lysolecithin model of demyelination
In the lysolecithin model, mice are focally injected in the corpus callosum or spinal cord with the detergent lysolecithin resulting in focal demyelination and remyelination overapproximately 1-3 weeks. The mice have no overt clinical signs and are very active and normal in appearance. Mice are studied both during demyelination and remyelination (Monteiro de Castro, Deja, Ma, Zhao, & Franklin, 2015; Rusielewicz et al., 2014) .
TAM deficient mice
Tyro3, Axl and Mertk single, double and triple knockout (KO) mice have been generated as some cells express more than one TAM receptor (Lu et al., 1999) . All single KO, double KO and triple KO mice are viable indicating that the TAM receptors are not required for embryogenesis. There are reports of varying degrees of developmental maturation, and impairment in cell viability and homeostasis in some of the KOs, depending on the tissue type (Akkermann et al., 2017; D'Cruz et al., 2000; Lu et al., 1999; Lu & Lemke, 2001 ). Many of the phenotypes are summarized in the review by Graham et al. (Graham, DeRyckere, Davies, & Earp, 2014) and only those pertinent to the nervous system will be discussed in this review.
Tyro3
−/− mice Tyro3, also called Sky or Rse, was identified by cDNA cloning and shown to have homology to Axl. Tyro3 localizes to human chromosome 15, adjacent to its pseudogene (Fujimoto & Yamamoto, 1994; Lai et al., 1994; Mark et al., 1994; Ohashi, Mizuno, Kuma, Miyata, & Nakamura, 1994) . The upstream region of the coding exon is highly GC-rich and contains potential recognition sites for the Sp1 trans-acting factor, but lacks TATA and CAAT boxes (Sasaki & Enami, 1996) . Tyro3 expression is greatest in the post-natal and adult murine brain, highly expressed in neurons in the neocortex, cerebellum, and hippocampus. In situ hybridization studies in adult rat brain identified Tyro3/Sky transcripts within neuronal of the inner granular layer of the olfactory bulb, CA-1 area of the hippocampus, granule cell layer of the cerebellum, tenia tectum and cingulate gyrus neurons, and wide regions of cortex layers II-VI (Ohashi, Honda, Ichinomiya, Nakamura, & Mizuno, 1995; Prieto et al., 2000 Prieto et al., , 2007 . In mature neurons Tyro3 was found in dendrites, and in the soma; and in axons and growth cones of immature neurons (Prieto et al., 2007) . Tyro3 expression correlates with synaptogenesis and myelination. Similar to Axl, Tyro3 was proposed to play a role in adhesion and signaling. Immunoprecipitation studies demonstrated that phosphorylated Tyro3 was in a complex with Src family members (Toshima, Ohashi, Iwashita, & Mizuno, 1995) . While early studies showed that Tyro3 is expressed solely in neurons, additional studies indicate that Tyro3 is expressed in white matter regions and on oligodendrocytes where it is required for myelination (Akkermann et al., 2017; Prieto et al., 2000) .
In the peripheral nervous system, Tyro3 bound to the non-receptor tyrosine kinase Fyn was shown to regulate myelination by Schwann cells (Miyamoto et al., 2015) . Using DRGs from Tyro3 −/− mice there was reduced myelin thickness produced by Schwann cell co-cultures.
Interestingly, Fyn was shown to be down-regulated in Tyro3-knockout mice suggesting that Tyro3, acting through Fyn, regulates myelination. Fyn was found to be upregulated early during oligodendrocyte progenitor cell (OPC) differentiation and to require the expression of tyrosine phosphorylated proteins on mature oligodendrocytes for myelination including p190RhoGAP (Osterhout, Wolven, Wolf, Resh, & Chao, 1999; Wolf, Wilkes, Chao, & Resh, 2001) . Using the lysolecithin model, and cell cultures, Gas6 induced STAT3 activation in OPCs or oligodendrocytes, due to Tyro3 signaling; however, the direct involvement of Tyro3 was not shown by inhibition studies or in KO mice (Goudarzi, Rivera, Butt, & Hafizi, 2016) . Using Tyro3 −/− mice, another study showed that Tyro3 is important for myelin growth and that there were fewer myelinated axons and less myelin thickness in the optic nerve of Tyro3 −/− mice during initiation of myelination. Further, oligodendrocytes isolated from Tyro3 −/− mice produced significantly fewer myelin segments relative to oligodendrocytes from WT mice; the mechanism of action was believed to be by ERK1 indicating that Tyro3 can affect several signaling pathways including ERK1 and Fyn (Akkermann et al., 2017; Wolf et al., 2001 ). While cuprizone-induced demyelination and remyelination in Tyro3 −/− mice showed no differences in demyelination or remyelination relative to the WT mice (Hoehn et al., 2008) , it is possible that the thickness of the myelin sheaths was reduced in the null mice. However, there was no difference in the g-ratio of WT and Tyro3
−/− mice as determined by electron microscopy. Additionally, in the absence of Tyro3 expression, there was no significant difference in clinical scores between WT and Tyro3 −/− mice during acute and chronic phases of EAE, although there was a significant increase in Axl expression in Tyro3 −/− mice during EAE but not in naïve mice (Weinger et al., 2011) . As EAE is predominantly a model of inflammation, it is possibly that the model is not optimal to examine subtly changes in demyelination.
Axl −/− mice
Studies with a sciatic nerve injury model showed an increase in Axl following lesioning, suggesting a role for Axl in survival and protection against apoptosis (Funakoshi et al., 2002) . In fibroblasts, Axl signaling protected against apoptosis induced by serum deprivation, myc overexpression, or TNFα, but did not protect from ultraviolet irradiation or staurosporine (Bellosta et al., 1997) . Our laboratory has determined that Gas6, Axl and Mertk, but not Tyro3 or ProS1 are up-regulated over the course of MOG-induced EAE . RNA isolated from spinal cords of WT mice sensitized with MOG 35-55 peptide was examined by qRT-PCR after 1, 4, 8, and 20 days of consecutive clinical scores. Relative to naive mice, Gas6 mRNA expression was significantly increased in mice with clinical scores for 8 consecutive days. Mertk RNA expression was significantly increased in mice with clinical scores for 4 and 8 days, time points that correlate with the influx in monocyte/macrophages and glial activation.
When Axl −/− mice were compared to WT mice during EAE, Axl −/− mice had a significantly more severe clinical course during the acute phase of EAE, with significantly more spinal cord lesions, larger inflammatory cuffs, more demyelination, and axonal damage. The lesions in the spinal cord of the Axl −/− mice had inefficient clearance of myelin debris as assessed by more Oil-Red-O staining. There were fewer activated microglia/macrophages surrounding lesions in Axl −/− mice relative to WT mice suggesting the loss of Axl affected migration of the microglia to the site to circumscribe the damage and to clear cell debris. During acute EAE, Axl −/− spinal cords trended toward increased proinflammatory cytokine and chemokine expression of TNFα, MCP1, and RANTES relative to WT spinal cord but only TNFα was consistently significantly higher. As part of this study, Tyro3 −/− mice were similar in their disease course to the WT mice (Weinger et al., 2011) . During cuprizone treatments of WT mice, TAM receptors and their respective ligands were examined by qRT-PCR over the course of cuprizone diet and 1-week recovery (Ray et al., 2017) . Gas6 mRNA expression was highest at 4-weeks cuprizone treatment, decreased at 5-weeks ingestion, and continued to decrease through 1-week recovery. Similarly, Axl mRNA peaked at 4-weeks cuprizone and steadily decreased over time returning to baseline 1-week after removal of cuprizone from the diet. Tyro3 expression was significantly increased after 4-weeks on a cuprizone diet, declined by 5-weeks and remained at naïve levels until at 1-week recovery, when Tyro3 mRNA increased again, perhaps to aid in remyelination. At 4-weeks cuprizone, when there is signficant inflammation, Mertk mRNA was increased~15-fold relative to naïve WT mRNA. Mertk expression continued to decrease over the course of cuprizone treatment, returning to near-baseline levels after 1-week recovery.
There is a reduction in remyelination in the corpus callosum of Axl (Seitz et al., 2007) . Mertk regulates the activation of Rac1 and Cdc42 and the downstream cytoskeletal changes necessary for the phagocytosis of debris by macrophages (Mahajan & Earp, 2003) . Using a yeast two-hybrid assay, Mertk was found to interact with the carboxyl-terminal region of the guanine nucleotide-exchange factor (GEF) VAV1. The interaction was independent of a requirement for tyrosine phosphorylation, although the binding site was the SH2 domain of VAV1. Upon ligand activation of Mertk, tyrosine phosphorylation of VAV1 resulted in the release of VAV1 from Mertk; kinase-dead Mertk failed to release VAV1. In human monocytes, activation of Mertk released VAV1., that stimulated GDP replacement by GTP on RhoA family members and Rac1, Cdc42, and RhoA activation. This resulted in cytoskeletal changes that potentially impact clearance of cellular debris and pigmented retinal epithelial cells (Mahajan & Earp, 2003) . The retina and the visual cortex of Mertk −/− mice have been extensively examined, see the Mertk expression in the retina section below.
Gas6 −/− mice
The beneficial effects of Gas6 during myelination and in the context of the cuprizone model Binder & Kilpatrick, 2009) were detailed in the myelination section and will not be discussed here except to state that Gas6 plays an essential role in activating the TAM receptors to maintain homeostasis, efferocytosis, and remyelination. Gas6 −/− mice appear normal but had increased expression of cytokines known to inhibit erythropoiesis including IL-10, IL-13, IL-1α, IL-1β, IL-6, and TNFα in plasma and supernatant of bone-marrow-derived macrophages (Angelillo-Scherrer et al., 2008) . In the context of MOG-induced EAE, Gas6 −/− spinal cords had higher clinical scores during late peak to early chronic disease, with significantly more SMI32+ axonal swellings, and greater numbers of Iba1+ microglia/macrophages, when compared to WT spinal cords. Flow cytometry showed that during acute disease, Gas6 −/− spinal cords had more macrophage infiltrates that WT spinal cords. In addition, when compared with WT spinal cords, spinal cords from Gas6 −/− mice had increased mRNA expression of several proinflammatory molecules after having clinical scores for 8 consecutive days. Consistent with the cuprizone studies, GAS6 is protective during EAE, and deletion of Gas6 increases inflammation, and compromises axonal integrity and myelination . The combined data strongly suggest that Gas6 activation could be therapeutic for demyelinating disease. Gas6 is an approximately 80 kDa protein with post-translational modifications that likely increases its mass, making it inefficient to administer Gas6 in the periphery and to efficiently cross the BBB. Further, similar to cytokines such as INFβ, the half-life of Gas6 is short. Therefore, a small molecule which can stimulate Gas6 in the CNS would be a better approach to transiently activate Gas6. In the periphery, Gas6 increases erythropoietin expression. Erythropoietin (EPO) was shown to be anti-inflammatory and to reduce clinical scores in rat and mouse models of EAE (Agnello et al., 2002; Cervellini, Ghezzi, & Mengozzi, 2013; Li et al., 2004; Zhang et al., 2005) . Gas6 enhanced erythropoietin receptor signaling by activating Akt. In a transgenic mouse model of chronic anemia resulting from insufficient EPO production, Gas6 synergized with EPO and restored normal hematocrit levels (Angelillo-Scherrer et al., 2005) . EPO, produced in the kidney, bone marrow and spleen, is a glycoprotein cytokine/hormone that stimulates erythroid progenitor production and maturation. EPO was shown to induce murine erythroblasts to release Gas6. However, due to erythropoietin's role in increasing hematocrit and red cell mass, the entire molecule is not considered therapeutic. A library of cyclic and linear EPO-derived fragments were generated, and screened for beneficial effects during MOG-induced EAE, and PLP-induced EAE. In C57Bl6 mice, high doses of full-length EPO treatment did not result in altered hematocrit during MOG-induced EAE. However, SJL/J mice treated during PLPinduced EAE showed increased hematocrit, and greater than 50% of treated mice died after 5-7 days of high-dose EPO (Chen et al., 2010; Li et al., 2004; Yuan, Wang, Lu, Maeda, & Dowling, 2015) . Desialylated EPO and carbamylated EPO, modified forms of EPO, are neuroprotective during MOG-induced EAE (Adembri et al., 2008; Mun & Golper, 2000) . One 19-mer JM-4 peptide fragment from the EPO-AB loop containing 2 cysteine residues showed beneficial effects during EAE, and did alter hematocrit. JM-4 peptide fragment blocked expansion of monocyte/ dendritic antigen-presenting cell and T helper 17 cell populations, decreased proinflammatory cytokine production, and increased expansion of Tregs (Yuan et al., 2015) . Although Gas6 levels were not examined in any of these studies, it is feasible that modified forms of EPO might be beneficial at inducing Gas6 expression in the CNS during EAE.
Gas6
Due to the cross-talk between the TAM receptors and ProS1's ability to activate Tyro3 and Mertk, as well as Tyro3 and Mertk's ability to each activate Axl by heterodimerization, Gas6 −/− Axl −/− DKO mice were generated to directly assess the Gas6/Axl signaling pathway, permitting us to address whether retention of the ProS1 signaling axis through Tyro3 and Mertk can compensate for the loss of Gas6/Axl signaling. In addition, Axl is unavailable for activation and interaction with INFR and EGFR, as both have been shown to interact and signal with Axl (Meyer et al., 2013; Rothlin et al., 2007; Seitz & Matsushima, 2010; Vouri et al., 2016) . DKO pups are normal relative to age-matched WT C57Bl/6J, Axl +/+ Gas6 −/− and Axl +/− Gas6 −/− littermates, and upon weaning, all mice had no overt phenotype. In the CNS, naïve 8-10 week old DKO and WT mice have comparable myelination and equal numbers of axons and oligodendrocytes in the corpus callosum. Myelination in the spinal cord is similar in both groups of mice (Ray et. al., 2017) . DKO and WT mice were examined at multiple time points during acute cuprizone-induced demyelination and during recovery. Electron micrographs of WT and DKO corpus callosum showed that DKO mice have extensive axonal swellings containing autophagosomes, autophagolysosomes, and multivesicular bodies, fewer myelinated axons, and membranous inclusions in glia at 3-weeks recovery, following a 6-week cuprizone diet (Fig. 4) .
Although the number of astrocytes and microglia/macrophages were the same in the DKO and WT groups of mice, the DKO mice had significantly more proinflammatory cytokine expression and altered suppressor of cytokine signaling (SOCS) mRNA expression relative to WT corpora callosa, supporting a role for Gas6/Axl signaling in proinflammatory cytokine suppression. At 5-and 6-weeks cuprizone treatment, DKO mice had significant motor deficits when compared to WT mice on balance beams and in a negative geotaxis assay. These data suggest that Gas6/Axl signaling plays an important role in maintaining axonal integrity and regulating and reducing CNS inflammation that impairs remyelination, and is not compensated for by ProS1/Tyro3/ Mertk signaling (Ray et al., 2017) . 7.6. Tyro3
Tyro3, Axl, Mertk triple knock-out mice have neurologic abnormalities, physiological deficits, and autoimmune defects. Increased apoptosis and cellular degeneration are apparent in the CNS and male mice produce no sperm (Lu et al., 1999) . The mice appear to have a lupuslike phenotype, likely as result of loss of Mertk, since Mertk −/− mice produce antibodies to chromatin, DNA, and IgG (Cohen et al., 2002) . The BBB of TAM TKO mice is compromised and shows increased permeability to Evans blue and fluorescent-dextran. As a result of the compromised BBB, the TKO mice show increased T cell infiltrates into the brain, ubiquitin-reactive aggregates in the hippocampus, damage of the hippocampal mossy fibers, lipofuscin within neurons throughout the brain, and neuronal apoptotic death as a result of the increased inflammation that included elevated TNF-α and specific autoantibodies deposited onto brain blood vessels (Li, Lu, Lu, Tian, & Lu, 2013) .
Gas6 administration to the CNS of mice during EAE and cuprizone
The above studies have led us to explore whether the in vivo administration of recombinant human Gas6 administered to WT mice would protect against oligodendrocyte death in the cuprizone model. The rationale for starting in this model versus EAE is the proximity of the corpus callosum to the ventricular space making it a perfect system to administer signaling molecules and monitor the effect at multiple stages of cuprizone-induced toxicity and recovery. Using a 14-day minipump connected to a cannula implanted into the corpus callosum, rhGas6 or PBS was administered onto the corpus callosum. Gas6 treatment resulted in more efficient repair following cuprizone-induced injury. Relative to PBS-treated mice, Gas6 treatment of WT mice showed minimal OilRedO + droplets, fewer SMI32 + and APP-positive axonal swellings, and enhanced remyelination. Increasing the concentration of rhGas6 enhanced its beneficial effects (Tsiperson, Li, Schwartz, Raine, & Shafit-Zagardo, 2010) . As demonstrated in Fig. 5 , administration of rhGas6 to WT mice via AAV2/9 viral vectors or cannula ) also proved to be beneficial following MOG-induced EAE. Using a 28 day micro-osmotic pump, artificial cerebral spinal fluid (ACSF)-treated or rhGas6-treated WT mice were compared during MOG-induced EAE. Relative to ACSFtreated mice, GAS6-treated mice had significantly reduced clinical scores during peak and chronic EAE; mice were sacrificed and examined 28 days after continual delivery. Spinal cords of mice receiving icv GAS6 for 28 days had preserved SMI31(+) phosphorylated neurofilament immunoreactivity, and significantly fewer SMI32(+) axonal swellings and spheroids, as well as less demyelination relative to ACSF-treated mice. The study also examined whether administration of interferon beta (IFNβ), a regimen used by individuals with MS, and shown to work in concert with Axl to reduced inflammation, would be beneficial when given in combination with Gas6. Alternate-day subcutaneous IFNβ injection in combination with rhGas6 did not enhance GAS6 treatment effectiveness ).
An unpublished study showed that addition of rhGas6 via ICV cannula to Axl −/− mice was not beneficial during EAE (Fig. 6 ). The data demonstrate the importance of Gas6/Axl signaling within the CNS and its beneficial effects during EAE.
Loss/defects in TAM receptors in hypothalamic neuronal populations contribute to alterations in reproduction and appetite
The hypothalamus is responsible for multiple metabolic processes including sleep, hunger, regulating body temperature, circadian rhythms, thirst and fatigue. The hypothalamus links the autonomic nervous system with the endocrine system by secreting releasing hormones, also called neurohormones, which regulate pituitary hormone function. Gonadotropin releasing hormone (GnRH) positive neurons in the hypothalamus are responsible for normal female reproductive function. Axl and Tyro3 mediate the survival and appropriate targeting of GnRH neurons to the ventral forebrain, and contribute to normal reproduction in female mice. Axl/Tyro3 null mice have loss of GnRH neurons and sex hormone-induced gonadotropin surge resulting in estrous cycle abnormalities, with delayed sexual maturation, including delayed vaginal opening (Pierce et al., 2008 (Pierce et al., , 2011 Salian-Mehta et al., 2014) .
Recently, an arginine to tryptophan (R7W) mutation in the TYRO3 gene (C to T) was identified and it was determined that Tyro3 act as a modifier which contributes to severity of the weight loss phenotype in anorexic (anx/anx) mice. Abnormal Tyro3 mRNA localization is observed in anx/anx brains by postnatal day 19. Insertion of wild-type Tyro3 transgene, but not mutant Tyro3 transgene, in anx/anx mice increased the weight, the number of appetite-stimulating neuropeptide Y-expressing neurons and the lifespan of the Tyro3-transgenic anx/anx mice at P19, but not the mutant Tyro3 trangene, suggesting that Tyro3 has a modifying role in the hypothalamic appetite regulatory circuitry (Kim et al., 2017) .
The role of the TAM kinases and their ligands at the Blood Brain Barrier (BBB)
The blood-brain barrier (BBB) which lines capillaries is a dynamic, semipermeable barrier that efficiently separates the circulating blood from the brain. The BBB is comprised of non-fenestrated brain capillary endothelial cells (BCECs) which allow for the passive diffusion of water, some gases, amino acids, glucose, hormones and lipid-soluble molecules, and restricts larger molecules and pathogens (Abbott, Ronnback, & Hansson, 2006) . The BCECs are sealed by tight junctions that restrict entry of compound and limit entry of peptides and certain drugs. The BCECs are sustained by pericytes which are embedded in the vascular basement membrane and by astrocyte endfeet (Abbott, Patabendige, Dolman, Yusof, & Begley, 2010; Armulik et al., 2010) . BCECs, pericytes, and astrocytes synthesize and deposit proteins extracellularly which form the vascular basement membrane (Gautam, Zhang, & Yao, 2016; Sixt et al., 2001; Thomsen, Birkelund, Burkhart, Stensballe, & Moos, 2017; Thomsen, Routhe, & Moos, 2017; Yao, Chen, Norris, & Strickland, 2014) .
ProS1 is expressed by vascular endothelial cells (ECs), which function in coagulation, and vascular development (Benzakour & Kanthou, 2000; Carmeliet, 2001; Fair, Marlar, & Levin, 1986; Stern, Brett, Harris, & Nawroth, 1986) . Lack of ProS1 in mice causes lethal coagulopathy, ischemic/thrombotic injuries, vascular dysgenesis, and BBB disruption with intracerebral hemorrhage. A beneficial role for ProS1 at the BBB was shown using human brain endothelial cells. In this system, ProS1 inhibited BBB breakdown. RNAi treatment, and blocking antibodies to Tyro3, Axl, and Mertk, as well as brain endothelial cells from Tyro3 −/− , Axl −/− and Mertk −/− mice, showed that Tyro3 mediates ProS1 vascular protection. 2-photon in vivo imaging showed that ProS1 blocked post-ischemic BBB disruption in Tyro3
, and Mer −/− mice, but not in Tyro3 −/− mice, or Tyro3 +/+ mice receiving low-dose of the S1P 1 -specific antagonist W146, indicating that ProS1 maintains BBB integrity by signaling through Tyro3 and SIP1 receptor (Zhu et al., 2010) . This study supports a protective role for ProS1/ Tyro3 at the BBB. An earlier study determined that Axl is significantly elevated in response to vascular injury (Melaragno et al., 1998) . Although ProS1 cannot directly activate Axl it is feasible that Tyro3 heterodimerizes with Mertk and/or Axl to activate Axl in response to vascular injury.
Mertk expression in the retina
As a result of light and stress, the outer segment of photoreceptor cells are continually shed, renewed and cleared by retinal pigment cells (Young & Bok, 1969) . Multiple studies have explored the TAM Fig. 6 . Administration of rhGas6 to Axl −/− mice is not beneficial. Axl −/− mice (n = 8/ group) were sensitized with MOG 35-55 peptide. Six days after the second pertussis toxin injection, micro-osmotic pumps (Alzet 1004) were connected to the cannula, inserted under the scapula, and rhGas6-(red) or ACSF-treatment (black) was administered. Statistical analyses of groups of mice was determined using a Mann-Whitney test; p N 0.05.
receptors and ligands expressed in the retina, as a result of studies from the Royal College of Surgeons (RCS) rats that demonstrated a role for Mertk and an association with inherited retinal degeneration. As RCS rats mature they became blind as a result of a failure of retinal pigment epithelium to efficiently phagocytize shed photoreceptor outer segments, resulting in the progressive loss of rod and cone photoreceptors (Bok & Hall, 1971) . RCS rats were found to have mutations in Mertk resulting in retinitis pigmentosa-like disease similar to humans (AbuSafieh et al., 2013; D'Cruz et al., 2000; Duncan et al., 2003; Liu, Zhang, He, Zhao, & Su, 2015; Nandrot et al., 2000) . Somatic gene transfer of adenovirus-containing Mertk via sub-retinal injection reversed the phenotype in the RCS rats, and provided genetic evidence for Mertk having a crucial role in retinal pigment epithelial cell clearance of the outer segment of photoreceptor cells (Vollrath et al., 2001) . While Gas6 and recombinant ProS1 can facilitate phagocytosis of outer segments of cultured rat retinal pigment epithelial cells via a Mertk dependent pathway, Gas6 −/− mice do not become blind suggesting that ProS1, or additional ligands may signal to Mertk to clear shed photoreceptor cells (Hall, Obin, Heeb, Burgess, & Abrams, 2005; Parinot & Nandrot, 2016; Prasad et al., 2006) . Retinal deletion of either Gas6 or ProS1 also results in normal photoreceptor number in retinae; however, deletion of both ProS1 and Gas6 reproduces photoreceptor death that is observed in Mertk mutant mice (Burstyn-Cohen et al., 2012) . As a result of the RCS rat and in vitro retinal pigment epithelial cell culture studies, several ligands have been reported to activate Mertk and induce phagocytosis. Tubby and tubby-like protein 1 (Tulp1) are bridging molecules that bind to Mertk and facilitate phagocytosis of retinal pigment epithelium. Tulp1 was found to interact with Tyro3, Axl and Mertk, and tubby binds only to Mertk. Excess soluble Mertk extracellular domain can block tubby-or Tulp1-mediated phagocytosis (Caberoy, Zhou, & Li, 2010) . Galectin-3 (Gal-3) was also shown to be a ligand for Mertk using a phagocytosis-based functional cloning assay strategy. Mertk co-immunoprecipitated with Gal-3, and Gal-3 stimulated the phagocytosis of debris and apoptotic cells by both retinal pigment epithelial cells and macrophages with concomitant activation and phosphorylation of Mertk. Similar to the tubby/Tulp1 study, Gal-3-mediated phagocytosis was abrogated by excessive soluble Mertk extracellular domain and lactose (Caberoy, Alvarado, Bigcas, & Li, 2012) . Thus, in the retina, several ligands can activate Mertk to induce the clearance of cell debris. Homeostatic phagocytosis, similar to the necessity for clearance of the outer segment of the photoreceptors cells of the retina, is a function contributed to Mertk in several cells of the nervous and immune systems (Scott et al., 2001; Zagorska, Traves, Lew, Dransfield, & Lemke, 2014) . The rapid clearance of apoptotic cells reduces the risk of tissue destruction as a result of prolonged inflammation that can lead to autoimmunity.
A role for Mertk and MEGF10 in synapse pruning in developing and adult brain
Astrocyte arrays of transcripts enriched in select pathways identified Mertk and multiple EGF-like-domains 10 protein (MEGF10) as highly expressed in the phagocytic pathway. Both proteins are expressed in developing and adult astrocytes where they function to phagocytize and prune synapses, predominantly dendritic spines, in the somatosensory cortex. In the adult CNS, both excitatory and inhibitory synapses are pruned by astrocytes in retinogeniculate connections of the visual cortex. As part of this study, ProS1 was shown to activate Mertk in astrocytes in vitro (Chung et al., 2013) , and the studies highlighted the involvement of astrocytes and functional Mertk and MEGF10 in remodeling synapses and importantly, their ability to prune neural circuits in the developing and adult brain. The combined studies from the RCS rat, the mutant Mertk mice, and studies in the immune system (Zagorska et al., 2014) all support a role for Mertk in homeostatic clearance of debris and remodeling. In the context of the central nervous system, efficient clearance of debris and synaptic pruning strategically place astrocytes in the vicinity for efficient sanitation and to minimalize damage as a result of a lag in clearance of debris. Microglia participate in homeostatic synapse pruning in the healthy, intact CNS where they scan the local environment and interact with astrocytes and neurons (Schafer, Lehrman, & Stevens, 2013) . It is likely that Mertk functions in pruning within microglia similar to its role in astrocytes. This has significant implications for diseases such as MS, where timely clearance of damaged and dying cells and debris increase the likelihood of efficient repair. Synaptic sculpting is essential for learning and memory in the healthy brain where microglia and astrocytes function in developing and maturing synapses and in neurological diseases where cognitive deficits correlate with prolonged CNS damage. Studies in mouse frontal cortex demonstrated that changes in microglia activation and enhanced phagocytosis of synaptic elements but no neuroinflammation are observe in mice with chronic sleep restriction for approximately 5 days (Bellesi et al., 2017) . This potentially could result in further microglial activation and brain dysfunction. Serial scanning by electron microscopy combined with 3D measurements showed that presynaptic components of large synapses associated with astrocytic process were altered in mice with sleep deprivation, and chronic sleep restriction relative to wakefulness suggesting that phagocytosis and synaptic activity accounts for changes in clearance of what the authors refer to as "heavily-used synapses". In addition, correlative studies showed Mertk expression was increased after a few hours of wakefulness and some astrocytic processes were Mertk-positive suggesting that increased Mertk expression is associated with acute and chronic sleep loss. Isolation of cortical synaptoneurosomes from mice with wakefulness, acute, and chronic sleep loss showed increased Mertk protein expression but was not linked to duration of sleep loss (Bellesi et al., 2017) .
TAM receptors/ligands in stem cells
TAM receptors and their ligands have been shown to regulate the identity, survival, proliferation, and differentiation of neuronal stem cells. Using a dual reporter strategy to track doublecortin (DCX)-red fluorescent protein (RFP) and Nestin-green fluorescent protein (GFP), TAM family members were selectively Nestin + DTX neural progenitor cells relative to DCX+ cells (Wang et al., 2011) which was confirmed (Gely-Pernot et al., 2012) . Further, TAM receptors were found to be important for the maintenance of cortical neural progenitor cells, as Axl −/− Mertk −/− double knockout or Axl inhibition caused more progenitor cells to leave the cell cycle and led to the accumulation of more migrating neurons beyond the ventricular zone (VZ)/subventricular zone (SVZ) (Wang et al., 2011) . Using multiple strategies, a dichotomous role for TAM ligands Gas6 and Pros1 was identified where Gas6 promotes SVZ stem cell proliferation and/or pool maintenance and Pros1 inhibits SVZ cell proliferation in vivo (Gely-Pernot et al., 2012) . Further, Pros1 was identified as a pleiotropic modulator of embryonic and adult NSC quiescence and differentiation wherein Pros1 acts as a negative regulator or NSPC self-renewal and controls NSPC differentiation via Bmi-1 signaling Zelentsova-Levytskyi et al., 2017) . Neurospheres generated from Tyro3
Mertk −/− triple knockout mice demonstrate slower growth, decreased proliferation and increased apoptosis possibly due to decreased trophic support and this data is consistent with a report that Gas6 can replace nerve growth factor in PC12 cell growth and differentiation (Ji et al., 2014; Zheng et al., 2009) . Finally, TAM receptors likely affect adult brain neurogenesis indirectly by suppressing microglial inflammatory signaling and efferocytosis (Fourgeaud et al., 2016; Ji et al., 2013) .
Nervous system tumors: contribution of Tyro3, Axl, Mertk and their ligands to tumor migration and invasion
Tumors of the peripheral nervous system (PNS) and the CNS are aggressively studied to identify altered genes and proteins that can be targeted to limit tumor growth, migration, invasion as well as their role in the resistance to cancer therapies. Below, we highlight the types of tumors which express one or more TAM family member and/or ligand and address potential roles in the tumor progression and treatments. One or more of the TAM receptors are overexpressed in several human cancers, including neuroblastomas, breast, and head and neck cancers, and is associated with progression, invasion, and resistance to therapy (Debruyne et al., 2016; Giles et al., 2013; Meyer et al., 2013) . This overview is by no means meant to be a comprehensive review of the field but rather, to note the potential role(s) of TAM family members, and to highlight that several of the proposed cancer therapies are targeting family members; reviewed in (Akalu, Rothlin, & Ghosh, 2017; Linger, Keating, Earp, & Graham, 2010) . Mutations in TAM family members have not been found in any cancer type. The upregulation likely reflects it role in cell migration and phagocytosis. While the primary focus of tumor treatment is the shrinkage or total elimination of the tumor, contemplation of the many important roles of the TAMs in the CNS, including cell survival and myelination, should be considered as post-cancer therapies often result in significant neuropathies including axonal degeneration of distal nerve endings resulting in dying back of axons (Fukuda, Li, & Segal, 2017) .
Gliomas
Gliomas are a diverse group of tumors which encompass astrocytomas, oligodendrogliomas, mixed glioma often referred to as oligoastrocytomas, brain stem gliomas, ependymomas, and glioblastoma multiforme (GBMs). GBMs are the most aggressive group of brain tumors with an average survival time of 12 months, as a result of poor responsiveness to available treatments. Epithelial-to-mesenchymal transition (EMT) characterized as the transdifferentiation of epithelial cells into invasive migratory mesenchymal cells underlies cancer progression and poor patient survival. Several glioma studies have targeted Axl, since high expression of Axl in glioblastoma cells support a role in EMT and migration; reviewed in (Nakada et al., 2013) . Phospho-Axl was shown to be expressed in 74% of newly diagnosed individuals with GBM (Onken et al., 2017) . Expression of phospo-Axl in the tumor vasculature and areas of hypercellularity were associated with a significant decrease in survival. As such, numerous studies using multiple approaches have shown that Axl, Mertk and their ligands appear in microarrays and proteomic studies and strongly correlate with glioma progression, migration and chemoresistance (Argaw et al., 2012; Cheng et al., 2015; Hill, Moreno, Lam, Haqqani, & Kelly, 2009; Hutterer et al., 2008; Keating et al., 2010; Knubel et al., 2014; Krause et al., 2015; Martinho, Zucca, & Reis, 2015; Onken et al., 2016; Ott et al., 2012; Rogers et al., 2012; Staflin, Zuchner, Honeth, Darabi, & Lundberg, 2009; Sufit et al., 2016; Vajkoczy et al., 2006; Vouri, An, Birt, Pilkington, & Hafizi, 2015; Wang et al., 2013; Yen et al., 2016) . Mesenchymal gliomas tended to express highest levels of Mertk (Popova et al., 2014) . In addition, one study showed a correlation between high expression of Mertk in individuals with t(1;19)-positive acute lymphoblastic leukemia and a subsequent tumor infiltration into the CNS (Krause et al., 2015) .
cDNA expression arrays identified Tyro3 among genes downregulated to less than 50% of normal levels by gene expression profiling of diffuse astrocytomas (Huang et al., 2000) . Tyro3 is expressed at very high levels in the adult CNS, and its downregulation is consistent with the dedifferentiated phenotype taken on by gliomas. While not extensively studied in nervous system tumors, Tyro3 was reported to induce the expression of a master regulator of EMT transition SNAI1in colon cancer (Chien et al., 2016) .
Peripheral nerve tumors
Schwannomas
Schwannomas are tumors of the PNS, and are classified as benign nerve sheath tumors composed of Schwann cells, the cell type which produces myelin proteins that generate the myelin sheath that wrap peripheral axons. Gas6 and Axl activation of NFκB was found to correlate with pathological proliferation, adhesion and survival in Schwannoma (Ammoun et al., 2014) . Following nerve crush, Schwann cells up-regulate Axl and Mertk, and Schwann cells lacking Axl and Mertk have significantly impaired myelin phagocytosis. The study showed that Axl along with Mertk, MEGF10 and LRP1 are involved in the clearance of myelin debris from Schwann cells (Brosius Lutz et al., 2017) . As noted by Brosius Lutz, unlike Schwann cells, oligodendrocytes cannot contribute to myelin debris clearance since they lack phagocytic machinery (Brosius Lutz et al., 2017; Brosius Lutz & Barres, 2014; Cahoy et al., 2008; Gomez-Sanchez et al., 2015) .
Neurofibromas
Neurofibromas are benign, small localized tumors along the sheath of peripheral nerve; they tend to grow near the budding of the nerve, and are prevalent in individuals with Neurofibromatosis type 1. Examination of Axl expression in malignant peripheral nerve sheath tumor (MPNST) cell lines and primary MPNST tissues found that there was an increase in Axl expression when compared to normal human Schwann cells. Also, soluble Axl protein was detected in the conditioned media from MPNST cell lines. When treatments targeted tumor growth, there was a reduction in soluble Axl relative to the controls (Johansson et al., 2014) . Relative to less aggressive dermal neurofibromas, soluble Axl is significantly increased in human plexiform neurofibroma tumors, supporting a role of sAXL as a marker for neurofibromatosis type 1-related tumor burden.
ProS1
Targeting of PROS1 as a therapeutic strategy in GBM treatment was proposed following siRNA treatment in LN18 glioma cells. Relative to untreated cells, PROS1 knockdown by siRNA showed decreased cell proliferation, increased apoptosis, a reduction in cell migration and invasion, and a downregulation of GAS6 and TAM receptors (Che Mat et al., 2016) . While promising, a potential concern with targeting ProS1 is its protective role at the BBB. While GBMs and gliomas are brain-derived, it is possible that other confounding prodromal insults might develop as a result of a compromised innate immune response.
Tumor treatment strategies
Resistance to chemotherapy or altered cellular functions that enhance metastasis including EMT transition, migration, invasion, and angiogenesis serve as significant challenges for cancer treatment. Due to the roles of the TAMs in the nervous system, major focus on the potential therapeutic treatments resulting in Axl and Mertk inhibition in solid tumors are ongoing, including small molecule tyrosine kinase inhibitors, siRNAs, monoclonal antibodies, and fusion proteins (Linger et al., 2010) . The use of immunotherapies for treatment of solid tumors that are unresponsive to standard radiation and chemotherapy, include the use of patient's genetically engineered T cells that express chimeric antigenic receptors, monoclonal antibodies to block adaptive immune checkpoints, and vaccines. Current studies are considering the TAMs and their role in the regulation of the innate immune response as candidates for checkpoint blockade as targets of cancer immunotherapy. An advantage of using direct Axl and Mertk inhibitors is the potential for action on both tumor cells as well as cells in the tumor microenvironment where resident macrophages express TAM receptors. Also, tumorinfiltrating dendritic cells and macrophages express significantly higher levels of Gas6 than normal tissue macrophages, indicating that Gas6 and TAM family members expressed by stromal immune cells contribute to tumor growth and metastasis (Loges et al., 2010) . Studies show that inhibition of Axl and Mertk lead to increased chemosensitivity to temozolomide, carboplatin, and vincristine in astrocytoma cells, and to cisplatin and vincristine in neuroblastoma cells (Keating et al., 2010; Li, Wang, Bi, Zhao, & Yu, 2015) . There are inhibitors for TAM members, including R428 or BGB324 for Axl (Ghosh et al., 2011; Hector et al., 2010; Holland et al., 2010; Li et al., 2009; Rettew et al., 2012) , and UNC2025 and UNC1666 for Mertk; although, there is some cross-reactivity with other kinases such as FLT3 (Cummings et al., 2015; Lee-Sherick et al., 2015; von Massenhausen et al., 2016; Zhang et al., 2014) . A 2017 review highlights the role of TAM family members as "tumor drivers and mediators of chemoresistance", and reviews how targeted therapeutic strategies might be used to improve cancer therapy (Vouri & Hafizi, 2017) . It should be noted that inhibitors targeting TAMs for CNS tumors must cross the BBB to be effective, although there may be some barrier compromise as a result of tumor progression.
Long-term use of TAM inhibitors would not be recommended. Rats with mutations in Mertk become blind as a result of an inability to clear shed photoreceptor cells and mice with mutations in Mertk have retinitis pigmentosa-like disease (Abu-Safieh et al., 2013; Liu et al., 2015; Nandrot et al., 2000) . As noted, neuropathies are reported following several cancer therapy regiments, and thus, the many significant roles in which the TAMs participate within the nervous system should be considered. It is feasible that autoimmunity might develop as a result of inhibiting TAM kinase functions and their roles in regulating the innate immune response and tissue homeostasis. Finally, because TAM receptors restrict pathogenesis of neuroinvasive viruses, care should be taken when considering TAM receptor antagonists, which are in various stages of development as cancer therapies (Miner et al., 2015; Suarez et al., 2013; Verma, Warner, Vankayalapati, Bearss, & Sharma, 2011) .
TAM receptors in CNS viral infection
The TAM receptor kinases play a variety of complex, nonsynonymous roles that contribute both positively and negatively in viral immunity. These functions include phosphatidylserine (PtdSer) mediated viral entry, suppression of the innate immune system, and maintenance of the BBB. As previously described, the TAM receptors mediate efferocytosis of apoptotic cells by bridging the exposed PtdSer via Gas6 and or Pros1. Similarly, enveloped viruses displaying PtdSer, including but not limited to, Dengue, West Nile, Ebola, Marburg and Zika, utilize this mechanism to mediate entry into TAM expressing cells (Hamel et al., 2015; Morizono et al., 2011; Shimojima et al., 2006) . Additionally, TAM receptor activation can dampen inflammatory signaling by innate immune cells including macrophages, microglia and dendritic cells (Grommes et al., 2008; Lemke & Rothlin, 2008; Rothlin et al., 2007; Zagorska et al., 2014) . Therein, enveloped viruses, flaviviruses and pseudotyped retroviruses, can take advantage of this function by disabling the innate immune responses in dendritic cells by direct activation of TAM receptors by dampening of type I interferon signaling (Bhattacharyya et al., 2013) .
TAM receptors may also play protective roles in CNS viral immunity. For instance, mice lacking Mertk and Axl, but not Tyro3, were more vulnerable to infection with neuroinvasive West Nile and La Crosse encephalitis viruses which was driven by increased BBB permeability (Miner et al., 2015) . Further, infected cells exposing PtdSer on their outer leaflet can also trigger phagocytosis of surveilling microglia and subsequent activation of the inflammatory response by innate immune cells via a TAM-dependent mechanism (Tufail et al., 2017) . This was shown to be the case when replication-incompetent adenovirus 5 was injected into the CNS triggering phospholipid scramblase 1 activity in infected cells, resulting in PtdSer externalization and targeting infected cells for TAM-dependent microglial phagocytosis (Tufail et al., 2017) .
When the emerging enveloped flavivirus Zika began to dominate the news headlines in 2015-2016, the role for TAM receptors, and specifically Axl, became a very active area of study. Zika virus displays neurotropism and neurological manifestations particularly when infection occurs during fetal development. The combination of high TAM receptor expression in neural and glial cells during development, and TAM receptors described roles in enveloped virus infectivity made Axl a plausible viral entry receptor in neural stem cells (Broutet et al., 2016; Dick, 1952; Nowakowski et al., 2016) . While it is widely shown that Axl can play a role in Zika virus infection, more in-depth studies have led to conflicting reports on the degree to which Axl plays in Zika virus infectivity. First, it has been clearly demonstrated that by using a knockout strategy Axl and the TAM receptors are not required for Zika virus infection in mice (Hastings et al., 2017; Wang et al., 2017) . However, in human cells, inhibition of Axl blocks Zika virus infection (Hamel et al., 2015; Liu, DeLalio, Isakson, & Wang, 2016; Meertens et al., 2017; Retallack et al., 2016; Savidis et al., 2016) . Further, it was demonstrated in human glial cells that Axl plays a role in both promoting viral entry and antagonizing protective type I interferon signaling (Meertens et al., 2017) , and CNS cells are more predisposed to infection (Cumberworth et al., 2017 ). Yet, a genetic ablation strategy does not protect human neural progenitor cells and cerebral organiods from Zika virus infection (Wells et al., 2016) . A well-reasoned hypothesis explaining the difference between mouse and human cells was described (Hastings et al., 2017) , wherein mouse TAM receptors may not in fact serve as Zika virus receptors. Rather, there may be other entry receptors in mice that are not expressed by human cells, and/or human cells in vivo may also express redundant entry receptors, but in vitro cells fail to recapitulate the expression of the viral entry receptors present in vivo. Additionally, different cell types may express different entry receptors such that in vitro systems may not adequately reflect in vivo infectivity and may explain some differences observed in the literature. Finally, while to our knowledge heretofore unexplored, TAM receptor signaling provides a strong cell-survival signal; therefore, cells which are infected by enveloped viruses may create an autocrine feedforward cycle of TAM receptor activation permitting persistent infection. If this occurs, it would provide further evidence that treatment TAM inhibitors could diminish certain chronic viral infections by allowing for normal cell death and removing the negative regulation of interferon signaling. However, due to the diverse roles that TAM receptors play in CNS viral immunity it is critical to carefully consider pharmacological modulation of these signaling pathways.
Conclusions, perspectives and future studies
In conclusion, the TAM receptors and their ligands are critical for diverse roles in the nervous system as well as in the immune system. There are still many avenues remaining to be explored including the regulation of their downstream signaling, and diverse groups of binding partners. There are likely still many functions and surprises left in store for this important receptor tyrosine kinase family, including consideration of additional potential binding partners for Axl and the other receptors in the CNS. Using a yeast two-hybrid screen for proteinprotein interactions, human Axl cytoplasmic domain was found to interact with C1-TEN, an SH2-containing C1 domain-containing phosphatase and TENsin homologue focal adhesion protein, expressed in liver, muscle and human brain (Hafizi, Alindri, Karlsson, & Dahlback, 2002; Kikuno et al., 1999) . Axl and C1-TEN interaction was confirmed by coimmunoprecipitation (Hafizi et al., 2002) . Stable expression of C1-TEN in HEK293 cells showed that C1-TEN negatively regulated Akt signaling, similar to phosphatase and tensin homologue deleted from chromosome 10 (PTEN); (Hafizi, Ibraimi, & Dahlback, 2005; Leslie & Downes, 2002) , and that p62/SQSTM1 negatively regulates C1-TEN expression and degradation, but no other tensins; thus linking C1-TEN to autophagy (Koh et al., 2014) . Gas6 Axl signaling can induce autophagy (Han et al., 2016) making it feasible for oligodendrocytes to eliminate some of their cell content by autophagy. Perhaps, microglia and astrocytes can aid in the phagocytosis of myelin debris following a demyelinating event. Therefore, Gas6 TAM receptor signaling and recruitment of its binding partners should be further explored in the context of remyelination.
An intriguing report by Healy et al., 2017 , noted a defect in the clearance of myelin debris by macrophages generated by individuals with RRMS and SPMS. Another recent report found increased Axl expression in Alzheimer's disease Aβ plaque-associated microglia (Yin et al., 2017) . These studies in human neurological disease and mouse models strongly support a neuroimmune function for TAM receptors and their ligands in the etiology of MS and potentially other autoimmune and/ or neurodegenerative diseases (Healy et al., 2016 (Healy et al., , 2017 Fourgeaud et al., 2016; Weinger et al., 2009) .
Finally, at the time of writing this review, several exciting reports identifying microglial phenotypes clearly demonstrate the importance of TAM receptors in homeostatic and possibly pathological functions of microglia in neurological disease (Butovsky et al., 2014; KerenShaul et al., 2017; Krasemann et al., 2017; Mathys et al., 2017) . These reports indicate the clear relevance of current and future study of these pathways' functions in health and disease, as this work could lead to future therapeutic strategies for neuroinflammatory and/or neurodegenerative diseases.
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